A B S T R A C T Two fractions of sarcoplasmic reticulum, one light (LSR) and one heavy (HSR), were isolated from gracilis muscle of control and malignant hyperthermia (MH)-susceptible pigs. Part of the gracilis muscle biopsy was used to compare the contracture sensitivity of the muscle to the calcium-releasing effects of caffeine on isolated SR membranes. Gracilis muscle of MH pigs was more sensitive to the contracture-producing effects of caffeine than control pig muscle. The caffeine dose-cumulative contracture response curve for MH muscle was shifted left of that for controls.
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The amount of caffeine-induced calcium released from SR is a function of the amount of calcium preload and this did not differ between LSR of MH and control muscle. When LSR fractions were optimally loaded with calcium for caffeine-induced calcium release, no difference in calcium-releasing effects of varying caffeine doses was observed between MH and control LSR. At calcium preloads below optimal, the MH-LSR appeared to be more sensitive to caffeine-induced calcium release. The HSR fractions could not be loaded with calcium in a manner similar to the LSR fractions because of an apparent calcium-induced calcium release phenomenon. Therefore, calcium threshold for calcium-induced calcium release was compared between MH and control HSR fraction. The effect of caffeine on the calcium-induced calcium release was also studied. The average calcium concentration threshold for calcium-induced calcium release was markedly lower for MH vs. control HSR; 20 vs. 63 nmol Ca2+/mg, respectively. Caffeine decreased the threshold for calcium-induced calcium release more in the MH than in control HSR. Under all conditions studied, the amount of calcium released did not differ INTRODUCTION Malignant hyperthermia (MH)' is a life threatening hypermetabolic syndrome occurring in genetically predisposed man and swine (1) (2) (3) . In man, MH is usually associated with the administration of certain anesthetic agents (4, 5) ; whereas in swine the MH syndrome can also be triggered by stress alone (6, 7) . The primary defect associated with MH susceptibility in man and pigs appears to be located in skeletal muscle (8) (9) (10) . Abnormal metabolic (8, 11, 12) and contracture (13, 14) responses of skeletal muscle from MH-susceptible man and swine have produced a working hypothesis that abnormal increases in myoplasmic calcium ion concentration stimulate the hypermetabolism and skeletal muscle rigidity observed with the MH syndrome.
Additional support for a primary lesion in skeletal muscle of MH-affected man and pigs is the fact that dantrolene, a unique skeletal muscle relaxant is an effective prophylactic and therapeutic agent for MH in man (15) and pigs (16) . The exact site of action of dantrolene is unknown but it does act directly on skeletal muscle (17) and diminishes the amount of calcium released to the myoplasm (18) (19) (20) . Also, the abnormal in vitro metabolic and contracture responses of MH muscle can be abolished or diminished by lowering the calcium concentration of the muscle bath (21) .
These studies have provided direct evidence to support the theory that MH is a consequence of abnormal calcium regulation in affected skeletal muscle. The sarcoplasmic reticulum (SR) is the primary calciumregulating membrane in skeletal muscle and represents a likely target for a defect in MH skeletal muscle. Most studies on SR from MH muscle have measured calcium fluxes into isolated SR vesicles and the effects of drugs and physical perturbations on this process (22) (23) (24) (25) (26) (27) . A direct demonstration of a defect in calcium binding or uptake by SR from MH muscle, or an abnormal effect of drugs on this process, has not been reported.
Studies on calcium efflux from SR have been limited by the lack of suitable systems for studying calcium release (28, 29) . An abnormal increase in rate of calcium efflux from mitochondria isolated from MH pig muscle has been reported (30, 31) . These studies were performed on muscle obtained from pigs postmortem, after conventional slaughter techniques (30) . The stress conditions of slaughter are known to trigger metabolic responses in the muscle similar to those observed in anesthetic-induced MH (32) . The effect of these postmortem changes on the function of mitochondria in MH muscle are unknown and therefore the significance of these observations to the etiology of MH remains a question.
Recent studies have reported methods for studying calcium efflux from isolated SR vesicles (33, 34) . We have used this new methodology for comparing the biochemical and pharmacological properties of SR from MH susceptible and control pig skeletal muscle.
METHODS
Two groups of pigs were used in this study. One group of pigs comprised three litters of purebred Poland China pigs bred for MH susceptibility. One litter of MH pigs was used to isolate and study a light fraction ,000 g) of SR and MH pigs from the other two litters were used to obtain and study a heavy SR fraction (8-12, of experiments, a heavy (HSR) fraction was isolated from muscle obtained from 10 MH and 6 control pigs, different from those used for the LSR studies. Methods for isolating the HSR fraction were identical to those described above for the LSR except for the centrifugation methods. After homogenization of muscle for isolation of HSR, the homogenate was first centrifuged at 8,000 g for 20 min. The pellet was discarded and the supernatant was filtered and extracted with 0.6 M KCI as described above for the LSR fraction. The 0.6-M KCI extract was centrifuged at 12,000 g for 20 min. The supernatant was discarded and the pellet suspended in 70 ml of 20 mM histidine, 150 mM KCI (pH 6.8) and centrifuged for 30 min at 48,000 g. The resultant pellet was suspended once more in histidine-KCI to a final protein concentration of -25 mg/ml. The entire SR isolation and storage procedures were carried out at 4°C. The SR protein concentrations were estimated by a Folin method using crystalline bovine serum albumin as standard.
Changes in calcium concentration during calcium binding and release by the SR were estimated by dual-wavelength spectrophotometry using arsenazo III as calcium indicator. The wavelength pair (650 and 700 mm) was selected to minimize interference from changes in Mg concentrations. Measurement of changes in calcium concentration were made in 750 ul solution in a 10-mm pathlength cuvette with the solution continuously stirred by a magnetic stir bar. The amount of calcium released from the SR fractions was estimated by measuring the absorbance change and comparing this to a standard curve. The standard curve was determined by the absorbance changes resulting from calcium additions to the reaction solution containing arsenazo III, 16 1M; histidine, 20 mM (pH 6.8); NaN3, 5 mM; and KCl, 150 mM. The composition of this solution is identical to that in which the calcium uptake and release studies were performed except that SR, 0.5 mg/ml, and MgATP, 1 mM, were omitted for determination of the standard curve. After correcting for the contaminating calcium concentration of the solution (-5 PgM), the absorbance change following the addition of the ionophore A23187 (5 ug/ml final concentration) to 
RESULTS
The gracilis muscle from the MH-susceptible pigs in this study was more sensitive to the contracture-producing effects of caffeine than was muscle from the control pigs (Fig. 1) . The isometric contracture-caffeine dose-response curve for MH muscle falls left of that for control muscle and the caffeine threshold concentration for contracture was 1 mM for MH muscle compared with 8 mM for controls ( Fig. 1) .
To compare the sensitivity of caffeine-induced calcium release from the LSR fraction of MH and control pig muscle, the effect of amount of calcium loading (calcium preload) in the SR on the amount of calcium release by caffeine was first determined (Fig. 2) . Optimum calcium preload (i.e., amount of calcium preload that resulted in maximum amount of calcium released by 1 mM caffeine) tended to be lower for SR from MH muscle (mean = 40 nmol calcium/mg SR) compared with the optimum calcium preload for control LSR (mean = 53 nmol/mg SR). However, because of large variation among calcium preloads within pig groups, these mean values are not significantly different (Fig. 2) . The minimum calcium preload at which 1 mM caffeine could produce calcium release was significantly (P < 0.05) lower for the MH-LSR than for control-LSR (Fig. 2) . In one MH-LSR preparation, 1 mM caffeine was able to produce calcium release even in the absence of a calcium preload (Fig. 2) .
Determined either by the ionophore equilibration method, or by atomic absorption spectrophotometry, the endogenous calcium content of the LSR fractions from controls did not statistically differ in a significant way from the MH group (Table I) . Likewise, the final calcium content (i.e., endogenous Ca21 plus preload Ca2+) did not differ between LSR from control and MH muscle (Table I) .
Unlike the differences between MH and control in vitro muscle contracture responses to caffeine, the LSR fractions from MH and control muscle did not differ in the sensitivity to caffeine-induced calcium release (Fig. 3) . Two of five MH-LSR fractions and none of the control-LSR fractions had calcium released at 0.1 mM caffeine and all LSR fractions had calcium released at 0.2 mM caffeine.
Determining the optimum calcium preload for caffeine-induced calcium release in the HSR fractions, as was done for the LSR fractions, was not feasible. There were two reasons for this. First, it was discovered that the HSR fractions were susceptible to spontaneous calcium release and that additions of bolus calcium preloads often resulted in calcium release before the calcium preload was totally bound by the SR. Second, the threshold calcium preload for this spontaneous calcium release was considerably lower for MH-HSR fractions than for the control HSR fractions. Therefore, the threshold calcium concentrations that produced an apparent calcium-induced calcium release and the effect of caffeine on this phenomenon in the HSR fractions were studied. Rather than adding the calcium preload as a bolus dose, as done for the LSR studies, low concentration calcium (0.5-2 ,M) pulses were added consecutively to the cuvette until the phase of rapid calcium release occurred (Fig. 4) . The addition of each calcium pulse resulted in a rapid uptake by the HSR fractions such that a change in absorbance signal was barely detectable (Fig. 4) . As the amount of calcium accumulated by the HSR fractions increased, the rate of uptake slowed and when a critical amount of calcium was bound, a subsequent calcium pulse resulted in a rapid phase of calcium release (Fig. 4) . The calcium threshold for MH-HSR (mean = 20.1±14 nmol calcium/mg SR) was significantly lower (P < 0.05) than the calcium threshold concentration for control-HSR fractions (mean = 62.8±6 nmol calcium/mg SR) ( Table II endogenous calcium content did not differ significantly between MH-susceptible and control sources, excluding this as a possible reason for the lower threshold in MH-HSR (Table I ). The total calcium content (endogenous plus preload) was lower (P < 0.05) for the MH-HSR than for controls (Table I The effect of varying concentrations of caffeine on the threshold calcium preload was tested by adding caffeine to the cuvette after the addition of MgATP, but before calcium additions. In both control and MH-HSR fractions, the effect of caffeine was to decrease the threshold concentration of calcium preload for calcium release (Fig. 5) . Caffeine affected the calcium preload threshold more in MH-HSR than for controls. The ED50 caffeine concentration for lowering calcium threshold averaged 0.25 mM for MH-HSR vs. 1.0 mM for control HSR.
Increasing concentrations of ruthenium red (from 10 to 300 x 10-9 M) increased the calcium concentration threshold for calcium release in both control and MH-HSR (Fig. 6) (Table III) . DISCUSSION The gracilis muscle of pigs susceptible to MH has hypersensitivity to the contracture-producing effects of caffeine. When optimally loaded with calcium, the LSR membranes isolated from MH-susceptible gracilis muscle did not differ from controls in the sensitivity to caffeine-induced calcium release. When calcium preload is varied, 1 mM caffeine produces calcium release at lower calcium preloads in MH-LSR membranes than for controls. For example, the average 866 calcium preload at which 1 mM caffeine produced release of 1 nmol calcium/mg LSR was 10 nmol/mg MH-LSR compared with 38 nmol/mg control-LSR. From these results it is difficult to ascertain if the MH-LSR membranes are more sensitive to the direct effects of caffeine or if some other mechanism related to calcium loading is indirectly affected by caffeine in the MH-LSR fraction. The LSR endogenous calcium levels were not different between the two groups, excluding this as a possible explanation. The heavy fraction of SR membranes from MH gracilis muscle did not conform to the calcium preload protocol used for the LSR fractions. The basis for this problem appears to be a function of the calcium-in- duced calcium release phenomenon (33, 34, 36) . The calcium-induced calcium release occurs both in MH and control HSR fractions but the calcium concentra- The effect of caffeine concentration on the Ca2+ pulse threshold for Ca2' release from HSR. Experimental conditions were as described in Fig. 4 
